Spectral analysis of non-stationary phenomena using traditional, segment averaged, discrete Fourier transform techniques suffers from limitations related to the trade-off between temporal and spectral resolution. These limitations are inherently due to the assumption of signal stationarity over an observation interval of fixed duration. In case frequency components occur in widely different frequency bands, an alternative technique, based upon the Wavelet transform, yields results with a temporal resolution which is inversely proportional to the analysis frequency. The issue of non-stationary spectral analysis is discussed at the hand of a sound quality problem related to a door slam. It is shown how the Wavelet analysis allows to identify the critical time instances and hence the critical physical phenomena responsible for the problem.
INTRODUCTION
The estimation of the frequency spectrum is a very important tool in the analysis of signal and system characteristics. With today's powerful data processing systems, where the estimation is in general implemented by methods based on the (discrete) Fourier transform, this operation is fast and straightforward to apply.
The theoretical frequency spectrum of a signal x(t) is usually described by its Fourier transform Ro), given by:
This Fourier spectrum is complex-valued, with an amplitude as well as a phase component. When implemented by Digital Signal Processing, the Fourier spectrum is usually approximated by the discrete Fourier transform, yielding a discrete frequency spectrum. Then, the discrete Fourier transform (DFT) XE) at frequencyf;, is defined as:
The main characteristics for this approach are that: Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:19945307 only spectral results which are an average for the duration T of the observation interval, are obtained.
the frequency resolution Af of the signal spectrum is limited by the length of the observation window (df = b).
Essential in the application of the DFT to the spectral analysis of time varying data is that both time and frequency resolution are fixed and independent on the actual signal content or absolute frequency value.
THE WAVELET TRANSFORM
When recalling the definition of the Fouriertransform (I), it can be seen that this formulation actually describes the signal x ( t ) by means of a set of functions ejW, forming a "basis" for signal expansion. These basis functions are continuous and of infinite duration. The spectrum corresponds to the expansion coefficients. An alternative approach consists of decomposing the data in time-localised wave forms. Such wave forms are usually referred to as Wavelets.
The corresponding Wavelet transformation is then defined [I ,2] :
is the basic Wavelet wave form type, the parameter z describes the time localisation, the parameter a represents a time-scale parameter. Provided that the basic Wavelet is localised in frequency (for example a time-localised or windowed sinusoid around a frequency A), there exists r, a clear relationship between the scale parameter and an analysis frequency f = I [3j: for different values of a, the basic Wavelet is either dilated (I a 1 r 1) or contracted (I a 1 < 1), corresponding to a Wavelet frequency Lla.
An important difference with classical Fourier analysis is that the time and frequency resolution now becomes dependent on this scale factor. For, the time resolution, which is the minimal significant time interval over which evolution can be traced, depends on the "dilatation" of the Wavelet.
For high frequencies (I a I < l), the wave form duration is shorter and thus the time resolution is finer, for low frequencies (I a I > I), the wave form duration is longer, and thus the time resolution is coarser. The inverse holds true for the frequency resolution: the lower the analysis frequency, the finer the frequency resolution. A comprehensive review on these resolution effects can be found in This Wavelet is in essence a Gaussian modulated sinusoid. This type of Wavelet ensures optimal time-frequency localization. An interesting feature of Gaussian windows is that its Fourier spectrum is also Gaussian. The important parameters in this basic Wavelet are the analysis width T and the constant n, which relates the analysis width to the number of sine periods in it V, = F).
The analysis of the signal spectrum by such Wavelets is essentially equivalent to a constant percentage bandwidth filter analysis [3, 6] . By selecting appropriate values for n, an equivalent to 111, 113, 1/12 or general octave analysis can be devised. This is in contrast to the DFT spectral analysis, which basically corresponds to a constant bandwidth filter analysis.
EXAMPLE: SOUND QUALITY OF A DOOR SLAM
The sound generated by closing the doors of a car is very important for the customer's subjective quality sensation. For example, the closing door sound of upperclass limousines gives an impression which is automatically associated with a robust, durable high quality car. In the present case, an unsatisfactory closing door sound was analysed. Objective measures had to be derived to describe the quality, consequently allowing to improve the door closing mechanisms. By comparison with competitor cars, the application of spectral filtering identified the high frequency spectral content to be responsible for the poor sound quality. Since the sound pressure measured (inside or outside the car) during the door closing is of short duration, and highly non-stationary as well , the first step in addressing the problem is to identify the critical time instances, responsible for the high frequency content. To this purpose, a short time Fourier transform calculation was performed on the pressure time signal shown in Figure 1 with a high degree of overlap (50% using Hanning windows), and this for different block sizes. The results are shown in Figure 2 for a block size of 16, 32, 64, and 128 samples. A higher data size, hence a longer observation window, improves the frequency resolution, but at the same time decreases the time resolution because of the longer "averaging" time. Even for the smallest block size, the high frequency content cannot be localized clearly. Figure 3 shows the result of a Wavelet transform calculation on the same data. The course time resolution at the low frequencies can be noted, but more important is that the high frequency content clearly occurs at only afewwell-defined time instances. Adetailed analysisof the mechanics of the lock, supported by a number of acceleration measurements on various parts of the lock, allowed then to identify the various phenomena corresponding to each time instance. The events critical to the sound quality problem appeared to be related to one specific metal-metal cam impact, occurring twice. A modified design applying non-metallic material to that cam solved the problem.
CONCLUSION
A sound quality problem of a door slam was analysed. Wavelet analysis allowed to identify specific time instances of extremely short duration, with a high frequency content, which allowed to find the physical causes.
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